Summary tion between the two pathways. Indeed, ␤-adrenergic receptors have been localized to both the dentate gyrus cAMP and the cAMP-dependent protein kinase (PKA) and the CA3 region (Oleskevich et al., 1989; Nicholas et are required in the mossy fiber pathway for both the al., 1993), and activation of these ␤-adrenergic receptors early and the late phase of long-term potentiation increases the level of cAMP in the hippocampus (Stan-(LTP). Since the CA3 region, which is the target of the ton and Garvey, 1985; Winder and Conn, 1993 have provided evidence that cAMP induces mossy fiber PKA, and occluded paired-pulse facilitation, sug-LTP presynaptically. We therefore were interested in gesting that isoproterenol was acting presynaptically.
Introduction
Pairing ␤-Adrenergic Receptor Agonist Hippocampal long-term potentiation (LTP) is thought to with Subthreshold Tetanus Can Induce contribute to certain forms of explicit memory storage in Both the Early and Late Phase the mammalian brain (Squire, 1992) . As with behavioral of Mossy Fiber LTP memory storage, LTP has stages: in both the mossy Agonists of the ␤-adrenergic receptor increase the enfiber pathway (which projects from the granule cells of dogenous level of cAMP in the hippocampus (Stanton the dentate gyrus to the CA3 pyramidal cells) and the and Garvey, 1985; Winder and Conn, 1993) . Since cAMP Schaffer collateral pathway (which projects from the plays a critical role in the induction of mossy fiber LTP, CA3 to the CA1 pyramidal cells), there is an early phase we first examined whether an agonist of the ␤-adrenerthat does not require protein synthesis, followed by a gic receptor can induce a long-lasting potentiation. As later phase that is dependent on protein synthesis (Frey described by Hopkins and Johnston (1988), application et al., 1993; Huang and Kandel, 1994; Huang et al., 1994) .
of isoproterenol (1 M) alone, for up to 3 hr, produced Previous studies suggested that the cyclic AMP (cAMP)-no synaptic potentiation (n ϭ 5; Figure 1A ). However, dependent protein kinase (protein kinase A, or PKA) is when we paired isoproterenol with a weak tetanus (50 directly involved in both the early phase of mossy fiber Hz for 0.5 s) that only produced posttetanic potentiation LTP as well (PTP) and was subthreshold for LTP, we observed subas in the protein synthesis-dependent late phase (Huang stantial LTP (n ϭ 5; Figure 1B 1 ). To determine whether et al., 1994) . These pharmacological findings have now this potentiation was specific to the mossy fiber pathbeen supported by independent genetic studies, which way, we next examined LTP in the extensive collateral show that targeted ablations of specific isoforms of PKA input that the CA3 pyramidal cells receive from both eliminate both the early and late phase of mossy fiber their neighboring CA3 neurons and from homotypic py-LTP . ramidal cells in the contralateral CA3 region through the These studies in turn raise the following questions.
hippocampal commissure. Since both the collateral and How is the cAMP second messenger system activated? the commissural inputs give rise to an N-methyl-DIs the adenylyl cyclase only activated homosynaptically, aspartic acid (NMDA)-dependent form of LTP (Zalutsky by the Ca 2ϩ influx into the presynaptic terminals followand Nicoll, 1990), we refer to both inputs, for convenience, as commissural fibers. When, in the same slices, ing the tetanus, or can the cyclase also be activated for 25 min in the absence of a weak tetanus induced no potentiation for up to 3 hr (n ϭ 5). A diagram illustrating the placement of electrodes is shown on top right of (A). Abbreviations: MF, mossy fiber; PP, perforant pathway; Rec, recording; Stim 1, stimulating electrode to elicit MF EPSP; Stim 2, stimulating electrode to elicit EPSP in commissural pathway. (B 1) A weak tetanus alone (50 Hz for 0.5 s, 0.05 ms pulse duration [asterisk] ) induced a potentiation in the mossy fiber pathway of only 3-5 min. However, when the same slice was perfused with isoproterenol (1 M) for 25 min, the same weak tetanus induced an APV-independent LTP (n ϭ 6). The inset traces show EPSP 10 min before and 30 min after isoproterenol pairing. Calibration: 10 ms, 1 mV. (B 2) A weak tetanus (50 Hz for 0.5 s, 0.05 ms pulse duration) induces PTP in the association-commissural pathway. Preperfusion of isoproterenol (1 M) paired with the weak tetanus did not induce LTP in this pathway (n ϭ 5). The inset traces show EPSP 10 min before and 30 min after isoproterenol pairing.
we examined the effects of isoproterenol on mossy fiber mossy fiber LTP, the isoproterenol-paired potentiation does not require activation of the NMDA receptor ( Figure  LTP and commissural fiber LTP, we found that isoproterenol only produced LTP in the mossy fiber pathway.
1B1) since it occurs in the presence of 2-amino-5-phosphono-propionic acid (APV), a blocker of the NMDA rePairing isoproterenol with weak tetanus to the commissural pathway did not produce potentiation (n ϭ 5; Figceptor . Second, the isoproterenol-paired potentiation occludes LTP induced by electrical stimulation. Thus, ure 1B 2 ).
The LTP produced by pairing isoproterenol with a one tetanic train (100 Hz for 1 s, 0.1 ms pulse duration) only induced 105% Ϯ 12% potentiation 50 min after weak tentanus was not secondary to changes in inhibitory input, since it could be induced in the presence of isoproterenol pairing (n ϭ 5), which is significantly different from control slices without isoproterenol treatment picrotoxin (n ϭ 2; data not shown). Finally, this modulating effect on LTP was specific to ␤-adrenergic receptors.
(166% Ϯ 15%, at 50 min, n ϭ 5, p < 0.01, Student's t test). Finally, an inhibitor of PKA (KT5720), which blocks Pairing a weak tetanus either with phenylephrine (50 M), an ␣-adrenergic agonist (Mueller et al., 1981) (n ϭ mossy fiber LTP Huang et al., 1994) , also blocks isoproterenol-paired LTP. When iso-4), or with serotonin (5-HT) (50 M), an agonist capable of activating cAMP-coupled receptors, failed to induce proterenol (1 M) was paired with a weak tetanus in a slice that had first been preincubated with the PKA LTP (n ϭ 4). Finally, pairing a weak tetanus with the metabotropic glutamate receptor (mGluR) receptor agoinhibitor KT5720 (1 M), it induced only weak potentiation 1 hr after pairing (119% Ϯ 18%, n ϭ 6). This effect nist trans-ACPD (5 M or 10 M), which also enhances the cAMP level (Gereau and Conn, 1994b ), induced no is significantly different from LTP induced by pairing isoproterenol in the absence of KT5720 ( Figure 2A ) LTP (n ϭ 5).
The LTP produced by pairing isoproterenol with a (165% Ϯ 11%, n ϭ 5, p < 0.05, Student's t test). These results suggest that the effect of the ␤-adrenergic recepweak tetanus resembles, in several ways, the early phase of mossy fiber LTP. First, as is the case with tor agonist on LTP requires PKA. Does the activation of ␤-adrenergic receptors also fiber and not to the commissural pathway suggests that isoproterenol may not be acting on the postsynaptic contribute to the late phase of mossy fibers LTP? A single train to the mossy fibers induces only an early CA3 neuron. To examine this point further, we measured paired-pulse facilitation before and after isoproterenolphase of LTP, which decays to baseline in 3 hr. To induce the late phase, three or four trains are required (Huang induced LTP. Paired-pulse facilitation is a well-defined presynaptic process in which the residual Ca 2ϩ following et al., 1994). We therefore perfused slices with isoproterenol (1 M) for 20-25 min and found that a single train, the first of two pulses leads to enhancement of transmitter release in response to the second pulse (Zucker, which normally produces LTP that decays within 3 hr, now induced LTP that persisted longer than 5-6 hr 1973). Weak subthreshold tetani alone did not induce any change in paired-pulse facilitation ( Figure 3A ). How-(168% Ϯ 25% at 5 hr, n ϭ 6, Figure 2B ). In addition to differing in time courses, a key distinction between the ever, when paired with isoproterenol, a significant depression in paired-pulse facilitation became evident early and late phases of LTP is that the late phase requires new protein synthesis. We therefore perfused the ( Figure 3A ). This depression is comparable to that observed following tetanus-induced mossy fiber LTP and protein synthesis inhibitor anisomycin (20 M) into the slice for 25 min before pairing and found that the early suggests that ␤-adrenergic receptor LTP is mediated, at least in part, by a presynaptic mechanism, much as component of LTP induced by a single train remained unchanged, but the late component of LTP induced by is the tetanus-induced LTP in the mossy fiber pathway (Zalutsky and Nicoll, 1990; Huang et al., 1994) . pairing that train with isoproterenol was abolished (Figure 2B , n ϭ 5). Thus, whereas LTP induced by a single To examine this presynaptic modulation further, we explored whether it could be obtained in the presence train does not depend on protein synthesis, the additional late phase of LTP induced by pairing a single of a complete block of the postsynaptic glutamate receptors. Synaptic transmission in the mossy fiber pathtrain with the ␤-adrenergic agonist requires new protein synthesis. In a separate set of genetic experiments, we way is mediated by a non-NMDA type of glutamate receptor and can be blocked reversibly by the antagonist have also explored the dependence on PKA of the ␤-adrenergic activated late phase. There we found that Kynurenate (CNQX) . We therefore paired isoproterenol with one train in the presence of mice lacking RI␤, a regulatory subunit of PKA, fail to show a late phase of LTP when a single train is paired APV and CNQX (2 mM, as droplet). As described above, one train paired with isoproterenol induces a long-lastwith isoproterenol .
ing late phase of LTP that lasts for hours ( Figure 2B ). If the LTP produced by pairing with isoproterenol is The ␤-Adrenergic Modulation of the Early Phase of LTP Is Presynaptic mediated by a presynaptic mechanism, this potentiation should persist after the wash out of CNQX. Indeed, 2 The finding that LTP produced by pairing a subthreshold tetanus with isoproterenol is restricted to the mossy hr after the CNQX had been washed out, there was a substantial synaptic potentiation in the isoproterenoldifferent from the LTP induced by one train without timopaired pathway ( Figure 3B ). LTP was 200% Ϯ 20% lol that lasts 1-3 hr (184% Ϯ 15% at 10 min, n ϭ 5, p < (n ϭ 5) 4.5 hr after pairing. By contrast, no potentiation 0.01, Student's t test) ( Figure 4A ), indicating that the was observed following application of CNQX and isopro-␤-adrenergic antagonist blocks a significant part of the terenol in the unpaired pathway (91% Ϯ 3%, 4.5 hr after early phase of LTP. This is similar to the results reported CNQX, n ϭ 5). These results indicate that neither postby Hopkins and Johnston (1988) who found that, in the synaptic receptor activation nor postsynaptic depolarpresence of timolol or propranolol, LTP decayed to the ization is necessary for the induction of LTP pairing with baseline 15 min after the tetanus. Propranolol (1 M) isoproterenol.
blocked LTP even in picrotoxin-treated slices, suggesting that the modulation of ␤-adrenergic receptor is not due to a change of GABAergic inhibition ( Figure 4B ). Timolol (10 M) also reduced but did not block the Both the Early and Late Phases of Mossy Fiber early phase of LTP induced by three trains, suggesting LTP Are Blocked by ␤-Adrenergic that in response to a strong tetanus, the early phase of Receptor Antagonist mossy fiber (at 1-2 hr) can be induced in the presence To examine further whether the ␤-adrenergic receptor of inhibitors of ␤-adrenergic receptors. However, 3 hr is involved in the induction of the early and late phases after tetanization, the synaptic potential returned to of LTP, we investigated the effects of two ␤-adrenergic baseline (113% Ϯ 17%, n ϭ 5). This is significantly differreceptor antagonists, timolol and propranolol, on the ent from LTP evident in control experiments (186% Ϯ early and late phase of mossy fiber LTP. We used both 12%, n ϭ 5, p < 0.01) ( Figure 4C ) and suggests that the one and three trains to the mossy fibers to induce either activation of ␤-adrenergic receptors is necessary for the the early or late phase of LTP, respectively (Huang et late phase of LTP. Similar to timolol, propranolol (1 M) al., 1994). In the presence of timolol (10 M), one stimualso blocked the late phase of LTP in the mossy fiber lus train induced a potentiation that lasted only 10 min (101% Ϯ 18% at 10 min, n ϭ 5). This was significantly pathway (123% Ϯ 12%, n ϭ 4, p < 0.01) ( Figure 4D ).
inhibitor KT5720. Thus, these ␤-adrenergic receptors recruit the cAMP second messenger pathway, a pathway critical for both the early and late phase of mossy fiber LTP produced by tetanic stimuli Huang et al., 1994) . Since activation of ␤-adrenergic receptors enhances the level of cAMP, norepinephrine is likely to serve as one of the natural transmitters that regulates the level of cAMP in the mossy fibers and thereby modulates the efficacy of synaptic transmission following stimulation of the mossy fibers.
␤-Adrenergic Modulation of the Early Phase of Mossy Fiber LTP Is Presynaptic
The capability to induce LTP by pairing a weak tetanus with isoproterenol is restricted to the mossy fiber-CA3 pathway. This type of LTP cannot be induced in the commissural pathway, which also synapses on the CA3 neurons. This input specificity indicates that the resulting mossy fiber LTP is not the result of a general, postsynaptic change in the CA3 neuron induced by isoproterenol, as had earlier been postulated for ␤-adrenergic-mediated potentiation (Hopkins and Johnston, 1988; Johnston et al., 1992) . In addition, the LTP produced by pairing isoproterenol with a weak tetanus occludes paired-pulse facilitation, further indicating that ␤-adrenergic receptors act presynaptically. This is consistent with previous findings that mossy fiber-and forskolininduced potentiation also occlude paired-pulse facilitation . Finally, the LTP produced by pairing isoproterenol with a weak tetanus can be elicited even when synaptic transmission is blocked completely by CNQX. These results indicate that although presynaptic activity is required, postsynaptic depolarization or receptor activation is not necessary for isoproterenolinduced LTP. Similar results have previously been reported by Castillo et al. (1994) for tetanus-induced mossy fiber LTP. The presynaptic modulation of mossy fiber LTP by 
␤-Adrenergic Modulation Contributes to Both the Early and Late Phase of Mossy Fiber LTP
Our finding that ␤-adrenergic antagonists can block Discussion mossy fiber LTP suggests that ␤-adrenergic receptor activation is involved, at least to some degree, in the Activation of ␤-adrenergic receptors modulates both the early and late phases of mossy fiber LTP, and it does LTP induced by a single train. However, even in the presence of a ␤-adrenergic agonist, an early phase of so in an activity-dependent manner. The LTP induced by pairing with isoproterenol is blocked by the PKA LTP can clearly be induced with multiple tetani, although this potentiation is not long lasting (see Figures 4C and  4D) . A similarly transient LTP can be induced by simply stimulating a single granule cell in the mossy fiber pathway in dissociated cell culture, without requiring ␤-adrenergic input (Ló pez-García and Baranes, 1995, Soc. Neurosci., abstract). These results suggest that an early phase of LTP can be achieved both by homosynaptic activation of adenylyl cyclase by means of a tetanus applied to the granule axons alone as well as by the recruitment of other noradrenergic pathways that stimulate adenylyl cyclase. However, the optimal expression of the early phase and the long-lasting maintenance of the late phase requires the recruitment of ␤-adrenergic receptors. According to this view, ␤-adrenergic input acts to enhance the initial expression of LTP by modulating release from the presynaptic terminals of the mossy fibers.
Noradrenergic Modulation May Be Important for Emotional Aspects of Learning
The noradrenergic projections from the locus coeruleus and mesolimbic and mesocortical dopamine pathways are thought to be important for learning and memory, especially of emotionally charged material or during heightened arousal (Crow and Wendlandt, 1976; Gold and Van Buskirk, 1978; Castellano et al., 1991 ; see also Montague, 1995) . The hippocampus is innervated by dopaminergic and noradrenergic ascending fibers, and Figure 5A ). First, stimulating the Na2HPO4, 2.0 mM CaCl2, 26 mM NaHCO3, and 10 mM D-glucose, at mossy fibers could excite the noradrenergic fibers of 2.0 ml/min. In some experiments, slices were perfused with ACSF solution containing picrotoxin (20 M, the MgS0 4 and CaCl2 in these passage, and this ␤-adrenergic input could interact di-ACSF solutions were 4 mM). Stainless steel electrodes were used rectly with the terminals of the mossy fibers to produce for long-lasting extracellular recording, and a fine tungsten bipolar presynaptic facilitation. This could occur either through steel electrode was used to elicit the synaptic response. To record the direct stimulation of the ␤-adrenergic input during the excitatory postsynaptic potential from the mossy fiber pathway, the tetanus or through the release by the tetanus of the stimulating electrode was placed in the granule cell layer, and sufficient glutamate from the mossy fiber terminals to the recording electrode was placed in the stratum lucidum of the CA3 region. In each experiment, the positions of both the stimulating cause release of noradrenaline from the noradrenergic and recording electrodes were adjusted until the excitatory postsynfibers that in turn acts back on the mossy fiber terminal. aptic potential (EPSP) recorded met the criteria described previously
In both of these cases, the adrenergic fibers would mod- (Zalutsky and Nicoll, 1990) . Moreover, 25 M APV was used in all ulate transmitter release from the mossy fibers by direct, LTP experiments to block possible contamination from the NMDAaxon-axonic means. Alternatively, adrenergic input dependent commissural pathway. To record the EPSP from this could activate postsynaptic receptors to enhance postpathway, a stimulating electrode was placed in the stratum radiatum of the CA3 region ( Figure 1A) . Test stimuli sampling were of 0.05 synaptic cAMP levels. The postsynaptic cell could then
